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(54) Axial flow tuibmes 

(57) To reduce profile \qss^ in the aeroffoils of low 
pressure turi>ine£ of qxIaI flow reaction turbines, the 
wake-passing effects on a row of aerofoifs downstream 
of a first row of aerofoils are enhancad by providing a 
region of roi^hness on part of the suction surfece of 
each aerofoil of the downstream nsw. The region of 
roughness has its leading edge between the location of 
thB geometric throat on the suction surfiace and a loca- 
tion 7S% of tfie surface perimeter f^om the teadlRg 
edge. The region extends over at least 3% of the sucMon 
surfeee peHmeter. The use of such a raglon of rough- 
ness Is particularly effective in impioving the perform- 
ance of very hIgh-Jift aerofoifs (coefficient of Rft of 1.1 or 
9/eater). 
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Description 

[0001] This invention relates to axiaJ tlow turbines, 
whetl^er driven by gas or steam, of the reaction type. 
[0002] Reaction cypo tLirtIne$ have aerofoils with 5 
profiles ifrai cause acceleration of the worldng fluid 
along at least a leading region of the duction surface of 
each aerofotJ. The flow over that leading regfon is lami- 
nar but, depending upon the Reynolds number of xhe 
aerofoil airflow, the boundary layer further downstream 10 
may undergo a transifion to turljulertt How and/or tfiere 
may be transHign or separation bubbles fomned, which 
can result in large energy Josses. 
[0003] it is known to give aerofoil surfaces in a tur- 
bine r in particular in the low pressure output stages of a is 
gas turtMnc, a transitlonisromoting configuration to 
reduce these loeaes. In US 4822249 (Eckardt ct al) a 
continuous spoiler edge is located doseiy behind the 
point of maximum surface vefocky on the suction sur- 
faces of the blades of a turbine wheel mid extending 20 
over subatantiafly the entire radial length of the blades. 
The functbn of the spoiler is to promote rapid transition 
fmm laminar to turbuJent boundary layer flow on the 
suction surfaces without the forrriHtion of laminar aepa* 
ration bubbles. In GB 580809 (Griffith) it is proposed to zs 
roughen .the entire aerofoil suction surface of reaction 
type btadfafig for oompressors and turbrnes so as to pro- 
duce a veiy thin layer of more or less unifomnly dis- 
turbed flow over that surface without cfisturfoing the main 
flow beyond the boundary layer. 30 
£0004] The topography of a surface with roughness 
is complex and there b no single definitive measure o\ 
roughness. A widely used basic perimeter is used *aver* 
aga roughness" (Ra), defined as the arithmetic average 
of the absolute values of the measured profile height ss 
' deviations of the surface from the surface profile cen- 
treline within a given sampling length. This deflnrtfon is 
also valid for previously used atternadve terms 'arithme- 
tic average roughness' (AA) and ■centreline average 
roughness' (CLA). TVpicaJ valuec of Ra for turboma- 4o 
chinery components are 125 mlcroinches (3.2 x 10' 
^mm) for macertel as oast and 25 microinches {63 x 1 0 
''mm) for polished components. Thus, in GB 680806, it 
has been proposed that the required roughening of the 
suction surface can be achieved by using sand-cast 4s 
blades which are not ^n any polishing or smoothing 
treatmenL In US 5209644 (Dorman) which also pro- 
poses roughening aerofbi!& in the output tuitoine section 
of a gas turbine that operate in the r^nge of exit Rey« 
nolds numbers of 80.OOO to 200,000* the surface rough- so 
ness is in the range 120 to 200 AA microinches (3x10" 
^to 

5 X 1 0"^mm). Here the roughening is applied to both the 
suction and pressure surfaces over the entire chord and 
over nnost of the aarofbll span and i$ Ir^iended to reduce ss 
separation of the boundary layer and formation of recir- 
culation zones or bubbles in the boundary l^er. 
[0005] In the case of nwdern low pressure turbine 



blading which operates at low Reynolds numbeis (eg. 
70.000-250,000) wlih highly loaded aerofoil Sections! 
the formation of boundary layer separalton bubbles 
towards the rear cf tne suction surface cannot be 
avoided. Steady flow design n^ethodology foousses on 
ensuring that transition occurs Within a but3bl8, causing 
it to reattach to the surface as a turbulent boundary 
layer before ih© aerofoil trailing edge. 
[0006] F1&. ^ shows the steady flow iserttropic 
velocity distribution in an annular blading row for a con- 
ventional aerofoil (the diamonds plot) and for a higti'lni 
aeroMi (the circles plot) having a lift ooeffident approx- 
imately 20% greater than the conventional aerotbil. The 
ordinates are normalised velodtles^ thai b to say, the 
ordinates ere given by the ratio of local flow vdocity to 
QXit velocity, and the abscissae are chordel distances 
normalised as a fraction of the aerofoil chord length 
measured from th© leading edgsL The upper pair of 
plots are for the suction surface and the lower pair are 
for the pressure surface. A feature of the velocity distri- 
bution of high-nft aerofoils, such as that shown in Rg. 1 
Is the continuous acceleration of flow on Ifie suction sur- 
face over the region A from the leading edge to a peak 
veJocily point B typically downstream ol the geometric 
throat in the Uade row which wHI be located at a The 
suction ^e boundary layer is Iam«nar all the way to the 
peak vetocity point B. Deceiemtion begins after tiie 
peak velocity point and in steady viscous flow the 
boundary layer separates shortly after the start of the 
deoeJeration, fomnng a separation bubble which shows 
as a plateau up to transftion point D. Because transition 
is reached, the separation bubble reattaches before the 
trailing edge, resulting in a sharp pressure recovery 
[0007] T7)e effectiveness of the high-rift aerofoIF 
design reHes on the reattachment of the bubble before 
the trailing edge because an open separation bubble 
gives very high losses: Reattaohrhent of the bubble 
should not occur too early, because that allows 
unwanted growth of a turbulent boundary layer on the 
final region of the suction surface which also Increases 
losses. 

[00081 The preceding discussion, and prior art 
examples refenied to above which seek to avoid the for- 
mation of sfiparalion bubbles, are all based upon a con- 
sideration of aerofbits operating in steady flow. 
However, in the typical turbine the flow fs not steady. 
There Is Interaction between succeeding aerofoil lows 
because the wakes from one row will Irrpinge periodi- 
cally on the aerofoils of the succeeding row. 
[0009] A comprehensKre review of researches on 
wake passing effects on separation bubbles is given in 
"Blade Row Interactions in Low Pressure Turbines", H P 
Hodson, von Karman Institute I^eciure Series 1998-02, 
Blade Row Interference Effects in Axial Flow Turboma- 
Chinery Stages (1998). The Hodson study consldei^ 
hfeh-nfl, tow Reynolds number aerofoils which have 
been developed for fow pressure turbines in order to 
reduce weight and nanufacturlng costs. As already 
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mentioned, these derofoils have regions of slgniricant 
deceteration on their suction surfaces which can result 
in the formation of substantial separation bubbles in the 
absence of wake-passing effects. 
[001 0] The interaction between succeeding aerofoil s 
rows in an axial flow Iwfbnie is shown scfhwaticaliy in 
Fig 2 (Binder et al) which illustrates how the wakes are 
ti'ansnnrned and distorted through downstream rows. 
The wakes W leaving a first rotor row 2 are chopped by 
the following siator row 4 and the chopped segments W w 
of the original wakes are further distorted in the now 
through the stator row. The dashed lines 6 indtcale the 
stator wakes. Relafive to the moving aerofoils of the fol- 
lowing rotor row 8, the wake segments are arranged in 
avenues 1 0, (IndlcBted by the chains of circies) and if is 
the second rotor row 8 has a different number of blades 
from the preceding rotor row 2, the respective avenues 
of vtrake segments will enter the second rotor row 8 at 
different phases to the blades of the row. 
[001 1 ] As is discussed in more detail in the Hodson 20 
study, turbulent flow appears In turbomachlnes typically 
by bypass transition becdixee c»f the high levels of turbu- 
lence that exist, kt (his process at points within the 
boundary layer some distance from the leading edge 
turbulent spots can Ibmi and spread downstream and 25 
laterally. Immediately fbltowlng the rear of a turbulent 
spot a cah^ed region Is formed having laminar-nke char- 
acteristics with a veiy full velochy profile, with a trailing 
edge travelling at about 30% of the f reestream velodty. 
The unsteady flow of passing wak^ can initiate this so 
mechanism to have a beneficial influence on profile 
losses. 

[0012] The flow pattern at an optimum wake-pass- 
ing frequency Is Illustrated In Fig. 3 whteh is a space- 
Ume diagram of the flow over on aerofoil in whfch the as 
distance along the aerotocl chord from leading edge to 
trailing edge is given along the abscissa axis and time 
values (t/t) given along the ordinate axis have been nor- 
mansed by the period of wake passing over the aer- 
ofoil 

[0013] On the leading part of the aerofoil, to the 
point of peak velodty. the t>oundary layer is laminarand 
is sufficiently staiaJe notto be broughtto transition lay the 
wakes of a preceding aerofoil row. 
p014] tn the steady flow condition dascribsd with 45 
reference to Rg. 1, bayond the peek velocity point the 
twundary layer vull separate. However, tujbulence in a 
passing wake can create a time-dependenl transitional 
flow regime across the span of the aerofoil. This Initiates 
the development of turbulent spots in the boundary 50 
layer transitional flow at each waice passing. Two suc- 
cessive turbulent spots era indicated at F and Q. The 
front of the transitional flow travefs at about 90% of the 
local fre&stc€am velodty and when it reaches the trailing 
edge the boundary layer is turbulent. This is at the point 6S 
H for the turbulent spot initiated at R 
[0015] The rear of (he transitk>nai flow travels at 
only about 50% of the focal freesb-eam velocity, so that 
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the chordwise e^aent and duration of the transitional 
flow increases as the trailing ed^ ia approached. Fur* 
thermore. Che transitional flow becomes fully tuifautent 
so that each wake passing is associated with turbulent 
rathe r than transitionai flow. 

[0016] Behind each turt>ufent spot is a calmed 
region with effectivBly, laminar flow. Tlie rear of this 
region travefs at atx^ul 30% of the freestream vek)0ity 
and continues to the aerofoil trailing edge. As tt passaa 
through the fuliy turbulent boundary layer, this turftxjient 
region signilioantiy reduces the skin friction locally 10 
below me levet of the sunoundrng, unaffected turtsulent 
boundary layer. 

[0017] With the optimum wake passing frequency of 
the regime in Fig. 3, the rear of the becalmed region 
from one wake reaches the aerofod trailing edge at the 
same moment as the front of the turbulent spot inftiated 
by the next v^ake. Thus, the point I represents both the 
arrh/al of the rear of the calmed region at the trailing 
edge and the arnva! thera of the front of the trensitibnal 
flow ini&ated at the succeeding turbulent spot Q. With 
this situation as shown in Rg. 3, mrrMnum losses are 
generated by the suction surface boundary layer. 
[OOld] At the nominal separation location, once the 
calmed region has passed, the deceleration causes the 
laminar boundary fayer to separate and the bubble 
gradually grows. However, it does not have time to 
develop futly as It continues only until the next turtxjlent 
spot, initiated by the next wake, suppresses it. 
[00191 Wore recenrly; very high-lift aerofoil sections 
have been developed for k>w pressure turbine blading 
which are susceptible to greater profile losses ff the 
boundary layer conditions are not controlled. Such aer- 
ofoil eedtJone have a lift oosfRcient of 1 .1 and above as 
compared with a lift coefficient of 1.0 for high-lift aec- 
tions. It will be undeistood that these values relate to the 
ctesigned nomiaJ operating condition within a range of 
conditions Which the turbine might experience. Inpartk> 
uiar. In the case of aeroengines they usually refer to 
operatk^n at cruise power The fift coefficient 1^ In cas- 
cade flow» assuming compresslbirity of the fksw, is 
defined as 

where the rtot^on has the following meaning: 
Nlntaijon 

V absolute velocity 

p static density 

S blade pitch 

pQ stagnation pressure 

P static pressure 

Ofix ®l<V>e chord (see Rg. 4) 



3 



PAGE 78«4 ' O AT »9I200S 8:16:58 PM [Eastern DayligM 



AUG. 9.2006 8:45PM MHK LAW 1 202 543 6406 



NO. 1474 P. 79 



EP 1 081 332 A1 



i$ vatues at blade miet oo mean straam cur- 
face 

e vaKie at blade exti on mean straam surface 
w whifl component of velocity 
a a)a*ai component of velocity 

^up erscrfpt ' denotes isentropic conditions 

[0II20J Rg. 4 shows, in relation to the radially Inrter 
and Outer end walls W^^W^^ of a turbine pab'sage In which 
the aerofoU A operates, the axial chord (Cax) between 
the leading and trailing edges of the aerofoil section at 
the mean stream surface. 

[0021] if incon^resslble conditions can be 
asfiwmed, tho lift ooefficfent can be represented more 
simply as 

V2 = ^ 2cos^ P2Pan02-tanp,l 



where: 

is the inlet flow angle 
^ IS the exit flow angle 

[G0221 The mechanism described above with refer' 
ence to Fig. 3, in wWch an optimum wake passing fre- 
quency is chosen to reduce losses, is found to be 
Inapplicable to very hl^h-Iift aerofoils. The greater decef- 
eratlon over the rear part of the siicdon surface gives a 
larger separation bubble and transition would occur too 
fate for reattachment. The potential profile losses are 
Consequentfy greater. 

[0023] There is therefore a need for an altemative 
solution in order to zaJce advantage of very high-Rft aer- 
ofoib the use of Which could result in cost and weight 
bene^. 

[0024] According to the present invention, an axial 
flow turbine Is provided having downstream of a first row 
of aerofoils of the tu/bine, at least one further row of aer- 
ofoils in which a rcgli^n of increased roughness Is pro- 
vided on the suc&>rt surface of eech aerofoil, s^id 
region having an upstream bourKlary substantially 
betwee n the location of the geometric throat on that sur- 
(ace and a location 75% of the suction suifac& perime- 
ter from the leading edge and having an extent of at 
least 3% of said perimeter. 

[0025] Whife this arrangement Is able to rmprwe 
the performance of very high frft aerofoils, the scope of 
the invention is not limited to suoh aerofoils. Aerofoils 
with lower Wit characteristics may also experience prob- 
lems of detachment of flow which, if due to delay of tran- 
sition, can also be treated in accordance with the 
present Invention, 

[0026] Preferably, aerofoils according to the inven- 



25 



tlon ere designed lo operate at a Reynolds number in 
the range of 10.000 to 250,000. As already menfoned. 
for aeronautical gas turbines, tuis ^icfllly rebtes lo 
operation in the cruise condition as the predominant 
5 mode 01 operation. 

[Q027J The region of roughness is prefer^y not 
located substantially further fonvard than the peak 
velocity point of the aerofoil. For example ir can have its 
leading edge in an area extending from the peaic veloc- 
10 Ity point or from a position not subsiamfaliy more Than 
5% or me suction surface penmeter downstream of the 
peak velocity point. 

[0023] The aerofoils may, ai least at one radial end 
zon^ be operating in an end waff turbutent region, ?n 
T5 which case, the region of roughness preferably termi- 
nates at or before said zone. 
[0029] In tho aooompanying echematic dra«ings: 

Rg. 1 Is a graph showing a comparison of meas- 
20 ured velocity distribufions for conventional and 
high-lltt low pressure hjrbine bfading, 
Rg. 2 iilustnates wake passing effects in a multi- 
stage turtnne, 

Rg. 3 is a time-distance diagram of wake-induced 
transition In the boundary layer of an aerofoil sub- 
jected to passing wakes, 

Rg. 4 is a diagram showing some of the pajBmetsrs 
employed "m defining the lift coeff foteni of an aeiof Of J 
in an annular cascade. 

Rg. 5 is a sectional view of very high-lift tuitsine aer- 
ofoil sections in a tow pressure turbine hauing a 
roughness region accordirtg to the invention, 
Rg. 6 Is a fragmentary side View of the low pressure 
turijine in the drrscQon VI In Ftg. S, showing the 
spanwise dstribution of the roughness regiori, 
Rg. 7 is a graph Srtiilar to Rg. 1 but also showing 
velocity disnnbutTons for a very high-lift aerofoil, and 
Rg. 8 is a graph showing comparative energy 
losses f n cascades of different profile aeiofcite. 

[0030] By way of example, the inventiDn will be fur- 
ther described with reference to Rgs. 5 to 8 of the draw- 
ings. 

Ipoai J Rg 5 showvs In eection a pair of very hlfgh-lift 
4S blades 20 of an annular turbine blade rwi In a low pres- 
sure output turtrine of an axial flow gas turbine. The 
drawing indksaies the location, ta the plane of the sec- 
tion, of a geometric throat 22 between the two aerofoils, 
la at the nunimum distance between opposed piessure 
sa and suction surfaces 24.26 of the aerofoils. The geo- 
metric throat lies some distance upstream fiom the 
point 26 at which the velocriy over the suction surface 
peaks. That peak velocity point 2B Ges at substadially 
65% of the suctwn surface perimeter from the leading 
S5 edge. This reanvard location of the peak vetoc'ity point, 
some 60% to 70% of the perimeter. I? typical of both 
high-lift and very WghHift aerofoils. F^. 6 shows the 
bbdes 20 In relariOrTto its adjacent upstream and down- 
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stream stator rows S,,S2. 

[0032] In Steady flow, laminar boundary layer sepa- 
ration whi occur on the suction surface 26 dosely down- 
stream of the peak velocity poi^t 28, typically eomo 5% 
of the suction surface p^rinrtoter behind tliis location, s 
AlCtiough separation occurs at a poirtt similar to a hi^h- 
Irft aerotbll, the greater deceleration means that real' 
tachment will not occur, nesutting in open separation 
and consequently higT^ losses. 

[0033] In unsteady flow, wake passing effects on a io 
very hlgtvlift profile only partially suppress iha laminar 
sepciratlonv The losses are therefore reduced, but not 
down to the levels obtained wiih high-nft aerofoils. 
[0034] In accorrJance with the present invemion, 
however a band of roughness in the form of a strip 30 is >5 
appHed to the suction surface. It extends a major part of 
the span of the aerofoil, as can l>o seen in Rg. 6. TTie 
strip has a width occupying the region between 70% 
and 80% of (he euction surface perimetarfrom the lead- 
ing edge. K is fbund that the presence of such a rough- so 
ness strip enhances turbutent spot generation, 
reinforcing the influenca ot the passing wakes to sup- 
press the separation bubble, and abo '\r\ some cases 
generating more calmed regions. 
[0035] The band of roughness can have its leading 25 
edge further forwards, eg. to fie sutxstantlally atthe geo- 
metric throat, but some loss of the overatl eflidency of 
the aerofba will occur iflt extends hirther forwards to any 
signfficant extent. Praferably, ft begins at tha peakveloo- 
ity point Of further reanwaids, up to 7S% of the suction ao 
surface perim^r from the leading edge. 
[0036] The band has 8 chordwise extent of at least 
3% of the suction surface parinn^er. It can extend rear- 
wards to the trailing edge of the aerofoil, but preferably 
it Terminates at a sparing from the IraiBng edge, eg. at 35 
not substantially more than 90% of the suction surface 
perimeter from the leadirig edge. 
£0037] It will be understood that the length of the 
Sbctlon surt^ per^eler may vary consideiaWy over 
Ih e radial span of an aerofoil, so that the band may not -w 
have a constant chordwise width but m^ taper along 
the radial span. 

[003S1 The band of roughness con extend along the 
complete span of tho aerofoil, but it is generally pre- 
ferred to temnilnate some distance short of the radial 45 
ends of the aerofoil, as shown in Fig. 6. in particular 
because it Will have llrtfe benaficfal effect where end wall 
flows predominate and because the spsnwise spread of 
the transitional f iows f mm turbulent spots will sM&nd the 
effect of the roughness t>eyond the span of the band, so 
For aerofoils hSMing a low aspect rado. therefore, Emita- 
tion ot the spanwise eaaent of the band may result in a 
zone of roughness that has its major dimension In the 
chordwise direction. 

[0039] The use of the roughness bar^d wwh very ss 
high-lift aerofoils is particularly effective in Reynolds 
numbers (based on true chord and exit condirions) in 
the range 70,000 lo 250.000. Because the aerofoils can 



vary considerably in size In practice, ttie roughness Is 
best characterised as a normalisod value, namely the 
ratio of roughress (Ra) TO the aerofofi true chord (c). 
The range of roughness (Ra/c) Is 3 x 1 0*^ to 1 x 10 ^ but 
we would prefer it to Dc within the range 3 x 10 ^ to 3 x 
10 This may bo connpared with as-cast Wade surfaces 
Ra/c values of 5-6 x 10^ and porished aerofoils with 
Ra/c values of about 1 x 10 ^ 
[0040] Ploding velocity distributions against nornial- 
ised ohoidal distances In the same manner as ^ig. i , 
ng. 7 pmvldes a comparison of the calculated, Inviscid 
velocity distrtbuilons for a very hlgh-lifl aerofoil such as 
that shown in Fig. 4 in comparison with higlvlifc and con- 
ventional aerofoils. The suction surface velocity distribu- 
tions are indicated as SI (very high-nft), S2 (high-lift) 
arid S3 (conventional) and the pressure surface velocliy 
ciistribuKons arc indicated as Sl',S2* and S3'. 
(0041] A comparison of the Josses occurring with 
wake passing effects on cascades of the different types 
of aerofoil is shown in Rg. 8. This indicates how optimis- 
ing a high-lift derofoil conftguraQoh reduces lasse«% 
below those experienced by a conventional profile aero- 
foil in which the separation but>ble reattaches. Whh d 
very high-lift aerofoil having a conventionally unifcnn 
suction surface, wake passing effects give some loss 
reduction but the larger deceleration and separation 
bubble towards the rear of the surface suppresses the 
beneficial effects of ca^ed regions forming behind tur- 
bulem epoi&s generated by the wakes. As the experiitien- 
tai result R imflCates. however, wfth the apprK:aGon of a 
rouclhness stnp of the form described above, the losses 
from a very high-fift profile can be reduced to the same 
level as for the h'igh-lift profile. 
(0042] K will be understood that the invention is 
applicable to aerofofls both as rotor blades and as stator 
vanes of a turbine following the first row of aerofoils, 
since each rx»v of aerofoils after the first Will experience 
waKe-pdssing effectSL 

Claims 

1. An axral flow turbine having downstream of a first 
row ($1) of aerofoil of the turbine, at least one fur- 
ther row of aerofoils (20) in virhlch a region of 
inoraesed roughness is provided on the suction sur- 
face (26) of each aerofoil (20), charsctensed In that 
said region (30) has an upstream boundary sub- 
StantraHy between the location of the geometric 
throat {22) on the suctiorr surface (26) and a loca- 
tion 75% of the suction surface (26) pedmeterfram 
the leading edge and having an extent of at least 
3% of said perimeter. 

2. An axial flow turbine according to claim 1 character- 
ised In that said fu rther row of aerofoils (20) Is a row 
In a fow pressure output turbine of the axial flow tur- 
bine. 
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3. An axial flow turbine according to claim 1 or claitn 2 
Characterised in that the aerofDils (20) arean^nged 
to -operaie at a Reynolds number In the rsngc of 
70.000 to ?50.000. 

5 

4. An axial flow turbine acconding to any one of claims 
1 to 3 characterised tn that the roughness region 
(30) has a leading edge between fimitssucistantlarfy 
at the peak vehx:icy point of each aerofoV (20) in 
said at least one row and not substantially more lo 
than 5% of the suction surface perimeter down- 
stream or the peak vetocBy point. 

5. An QxiaJ flow turbine siccgrding to any one of claims 

1 to 3 chaiBCterised In that the roughness region is 
(30) lies within an area of the suction suiface perim 
eier located substantially between fimlts at 70% 
and 80'/; of the total perimeter length from a lead- 
ing edge of each aerofbU. 

20 

6. An nsdai flow turbine according to any one of the 
pnecedrng claims characterised in that the rough- 
ness region (30) terminaies at a Spacing from the 
trailing edge of each aerofoil (20) of said at least 

one raw. 25 

7- An axial flow turbine according to claim 6 character- 
ised rn thatthe trailing edge of the roughness region 
(20) lies at not substantially more than 90% of the 
sudion surface perimeter firDm the leadng ecfge. ao 

8. An axial aerofbil flow according to any one of the 
preceding clarms oharactertsed in that the rough- 
ness (30) lenninates at a spacing from at least ohe 
radial end of each aerofoil (20) of said at least one 35 
row. 

9. An axial aerofoil flow according to any one of the 
preceding ciaims characterised in that said aero- 
foila (20) are very high lift blading with a Tift coetf)- 40 
cient of at least substantially 1.1. 

10. An axial flow turbine according to any one of the 
preceding cfaims characterised In ttiat the rough- 
neas (Ra) of said region, normalised to the aerofoil 4ff 
ChiDrd (Ra/C) is between d x 10'^ to 1x10"^. 

11. An axial flow tuHiine according to claimlO wherein 
the roughness (Ra) of said region, norma&sed to 
the aerofoil chord (Ra/b) is between 3 x to 3 x so 
10"^. 
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Very high lift aerofoil showing example 
of roughness strip application 
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